We present the detection of RR Lyrae variable stars in the field of the Sagittarius II (Sgr II) ultrafaint dwarf (UFD) galaxy. Using B, V time-series photometry obtained with the Korea Microlensing Telescope Network (KMTNet) 1.6 m telescope at CTIO and G-band data from Gaia Data Release 2 (DR2), we identified and characterized two ab -type and four c -type RR Lyrae variables. Five out of the six stars are clustered within three half-light radii (∼4.
INTRODUCTION
Since 2005, about 40 dwarf satellite galaxies have been discovered around the Milky Way (MW) from large optical surveys such as SDSS (York et al. 2000) , DES (DES Collaboration 2016), and Pan-STARRS1 (Chambers et al. 2016) , greatly exceeding the number of twelve classically known dwarf satellites. Most of the new stellar systems are ultra-faint dwarfs (UFDs), the smallest and least luminous galaxies known. Expected to be completely dark matter dominated (e.g. Simon & Geha 2007) , detailed investigations of these UFDs are of particular importance to better understand the formation and evolution of galaxies in the sjjoo250@gmail.com current ΛCDM hierarchical merging paradigm (e.g., Kauffmann et al. 1993) .
RR Lyrae stars provide an excellent opportunity to study resolved stellar populations. They are well-known standard candles and tracers of old, metal-poor populations. Metallicity and line-of-sight reddening can also be derived from their variability characteristics. By comparing them with those in other systems including the MW halo, we can place constraints on the formation and evolution of the MW and dwarf galaxies (e.g., Clementini 2010) . Thus far, about 15 UFDs with total luminosities M V > −7 have been studied for RR Lyrae stars, and it was reported that all of them have at least one RR Lyrae star (e.g., Vivas et al. 2016) , with the only exception of Carina III .
In this paper, we investigate RR Lyrae stars in the field of the Sagittarius II (Sgr II) dwarf galaxy, as part of our ongoing time-series study of dwarf satellites in the southern hemisphere using the Korea Microlensing Telescope Network (KMTNet) 1.6 m telescope at Cerro Tololo Inter-American Observatory (CTIO). Recently discovered by Laevens et al. (2015) from the Pan-STARRS1 survey, Sgr II has a total luminosity of M V ≃ −5.2 and a heliocentric distance of ∼67 kpc (see also Mutlu-Pakdil et al. 2018) . Compared to typical UFDs with similar luminosities, it is relatively small and compact (half-light radius, r h ≈ 32 pc or 1.
′ 6), but is larger than usual globular clusters (GCs). In the sizeluminosity plane, Sgr II can be classified as either the most compact UFD or one of the most extended GCs. For that reason, Laevens et al. (2015) also assigned an alternative name (Laevens 5) for this stellar system. We identify and analyze RR Lyrae variables by fitting light curve templates to our time-series photometry. The data from Gaia Data Release 2 (DR2) (Gaia Collaboration et al. 2016 , 2018 is also used to complement our data. We compare them with those stars of other UFDs in the period-amplitude diagram and discuss the implications of our results.
OBSERVATIONS, DATA REDUCTION, AND COLOR-MAGNITUDE DIAGRAMS
Time-series observations of the field of Sgr II were conducted in the B-and V -bands using the KMTNet-CTIO 1.6 m telescope on 17 nights from October to November in 2016 and from September to October in 2017. In total, 117 and 121 frames were obtained for B-and V -bands, respectively, with an exposure time of 120 s each. Point-spread function (PSF) photometry was performed using DAOPHOT II/ALLSTAR (Stetson 1987) and ALLFRAME (Stetson 1994) on the time-series data preprocessed by the KMTNet pipeline (Kim et al. 2016) . We used the AAVSO Photometric All-Sky Survey (APASS) database (http://www.aavso.org/apass) for standardization and SCAMP (Bertin 2006) for astrometry by adopting the third US Naval Observatory (USNO) CCD Astrograph Catalog, UCAC3 (Zacharias et al. 2010) . We also used the time-series data from Gaia DR2 (Gaia Collaboration et al. 2018) for stars identified as variables in the field of Sgr II.
In the left and middle panels of Figure 1 , we present color-magnitude diagrams (CMDs) of the Sgr II field, for the region inside r h (∼1. ′ 6; Mutlu-Pakdil et al. 2018) and 3 r h (∼4.
′ 8), respectively. To obtain the CMDs, we combined our time-series images with SWarp (Bertin et al. 2002) and carried out PSF photometry with DAOPHOT II/ALLSTAR (Stetson 1987) . In both panels, blue horizontal branch (HB) and red giant branch (RGB) stars of Sgr II are prominent over the background of field stars. The CMD features of Sgr II are comparable to those presented in Laevens et al. (2015, see their Figure 1 ) and Mutlu-Pakdil et al. (2018, see their Figure 1 ), while the CMD in the latter is much deeper than ours. RR Lyrae stars identified in this study are also plotted as crosses in the panels (see next section). In the right panel, we compare our population models with the foreground-subtracted Hess diagram for 2 r h (r < 3.
′ 2) region, which will be discussed in Section 4.
RR LYRAE STARS IN THE FIELD OF SGR II
RR Lyrae variables in the field of Sgr II were detected and characterized using the template light curve fitting technique outlined by Yang & Sarajedini (2012) and Yang et al. (2014) . We selected variable candidates by examining the variability of stars at the level of the HB, and analyzed them by fitting template light curves. Readers are referred to Joo et al. (2018, hereafter Paper I) for details of the procedure we employed. Finally, six RR Lyrae (two RRab and four RRc) stars were discovered in the Sgr II field. We found that five of the six variables are also identified as RR Lyrae stars in Gaia DR2 (Gaia Collaboration et al. 2018) . For these five stars, V2 to V6, we included the Gaia time-series data in our light curve analysis by transforming the Gaia G-band to V -band magnitudes based on the relations in Table A2 of Evans et al. (2018 , see also Clementini et al. 2019 . The light curves obtained with our best-fit templates are presented in Figure 2 , where the green points are the Gaia G-band data converted to V -band. In Table 1 , we summarize positions and pulsation properties of RR Lyrae stars including variable type, period, intensity-weighted mean magnitude, the number of observations, and amplitude. We also list the information (ID, type, period, and the number of data points) from Gaia DR2 for the five variables matched with our data. Note that the type and period values from Gaia DR2 are almost identical to those estimated in our analysis.
The left panel of Figure 3 is the CMD showing a closeup view of the HB region for stars within 4.
′ 8 from the galaxy center. The six RR Lyrae stars detected in this study are well located in the empirical instability strip, which is estimated from the data of nine Galactic and Large Magellanic Cloud clusters in Walker (1998, Table 7 in that paper). We see that V1 is classified as c -type from the light-curve shape and short period, while it is the reddest RR Lyrae in the CMD. This star appears to be slightly affected by bleeding from a saturated star, roughly up to ∼0.2 mag more in V -band than B-band. If this effect is taken into account, the B − V color of V1 would be similar to those of the other c -type variables.
The middle panel of Figure 3 presents the spatial distribution of the RR Lyrae and blue HB stars, while the right panel displays that of all point sources detected in the field for comparison. The RR Lyrae stars are clearly clustered around the galaxy center estimated by Mutlu-Pakdil et al. (2018) . Five out of the six RR Lyrae stars are within 3 r h (i.e., r < 4.
′ 8), while the RRab star V4 is located ∼22 ′ away from the center. The blue HB stars, that we define as stars in the color and magnitude ranges of 0.0 < B − V < 0.27 and 19.5 < V < 20.3, are also centrally concentrated. We do not find, however, such a clustering of stars belonging to the red HB region, i.e., 0.50 < B − V < 0.65 at the same magnitude range. This suggests that there are only a few red HB stars in Sgr II, if any, indicating the blue HB morphology of Sgr II in conjunction with the CMDs in Figure 1 .
The positions in the CMD and the spatial distribution of the RR Lyrae and blue HB stars strongly indicate that most of these stars near the center are associated with Sgr II. For the stars outside ∼6 r h (i.e., r 9. ′ 6) including V4, it is natural to consider them as field stars, given the heliocentric distance to the galaxy (∼64 kpc, see below). By excluding the ab -type star V4, the fraction of c -type RR Lyrae variables is calculated to be, N (c)/N (ab + c) = 4 5 = 0.8. This high fraction of RRc stars is also consistent with the blue HB morphology of the system. The period of the only ab -type star in Sgr II, V3, is P ab ≃ 0.666 days, and the mean period of the four c -type stars is P c = 0.337 ± 0.023 days, where the uncertainty is the standard error of the mean. Note that the long period of the RRab star V3 and the high c -type fraction suggest an Oosterhoff II (Oo II) classification 1 for Sgr II (see, e.g., Catelan 2009). The mean apparent V magnitude of the RR Lyrae stars is V RR = 19.77 ± 0.04 mag, where we also exclude V1, which is affected by bleeding, as well as V4, and the uncertainty is the standard error of the mean. Figure 4 shows the period-amplitude diagram of the RR Lyrae stars in the Sgr II field, and compares them with those in the MW halo and 13 UFDs 2 with M V > −7, as an update of Figure 10 in Vivas et al. (2016) and Figure 6 in Paper I. The solid and dotted lines rep-1 Note however that the Oosterhoff classification is basically based on the mean period of RRab stars and therefore usually applied to the systems hosting at least five RRab stars (see, e.g., Catelan 2009). Braga et al. (2016) have further shown that, using Galactic GCs with more than 35 RR Lyrae stars and nearby dwarf galaxies, the difference in the mean RR Lyrae periods between the Oosterhoff groups (i.e., Oosterhoff dichotomy) can be explained by changes in metallicity.
2 Segue 1 is not included here because of the absence of accurate period and amplitude information, while Simon et al. (2011) has reported one or two RR Lyrae stars (see also Vivas et al. 2016) .
resent the mean distribution of RR Lyrae stars in the MW GCs that belong to the Oosterhoff I (Oo I) and Oo II groups, respectively, adopted from Zorotovic et al. (2010) and Cacciari et al. (2005) . It is clear from Figure 4 that RRab stars in the UFDs studied so far have mostly Oosterhoff-intermediate (Oo-int) or Oo II properties (see also Clementini 2010; Vivas et al. 2016) , in contrast to those in the MW halo where the majority (∼73%) has Oo I properties . Placed close to the locus of Oo II clusters, V3 is in the middle of the distribution of stars in the UFDs in terms of both period and amplitude.
3 V4 is, however, almost on the Oo I line, quite different from most RRab stars in the UFDs. This supports the previous assumption based on its spatial location that V4 is not a member of Sgr II but belongs to the MW halo. We can then conclude that Sgr II is also similar to the other UFDs in the distribution of RRab stars on the period-amplitude diagram and is classified as Oo II.
1
The blue HB morphology of Sgr II and the similarity in RR Lyrae properties between Sgr II and other UFDs suggest that Sgr II can be considered as a UFD, because outer halo GCs ( 40 kpc) tend to have red HB morphologies (e.g, Lee et al. 1994; Laevens et al. 2015) . However, this does not mean that Sgr II cannot be a GC. There are GCs with Oo II characteristics similar to Sgr II in the inner halo (Clement et al. 2001) , and Mutlu-Pakdil et al. (2018) has further shown that its structural parameters are more consistent with extended GCs. Spectroscopic studies are eventually required to ascertain whether it is a galaxy or a star cluster, by investigating velocity and metallicity dispersions of the system and/or a possible presence of Na-O or Mg-Al anti-correlations shown only in GCs.
Using the properties of the RRab star V3, we derive the interstellar reddening in the direction and metallicity of Sgr II. From the empirical period-amplitudemetallicity relation by Alcock et al. (2000, see equations (1) and (2) in that paper), [Fe/H] = −2.1 ± 0.3 is obtained, where the uncertainty reflects the intrinsic accuracy of the relation. This is in good agreement with the estimate ([Fe/H]≈−2.2) from isochrone fitting by Laevens et al. (2015) . From Sturch's method (Sturch 1966) revised by Walker (1990, see equation (2) in that paper) and the (period-)amplitude-color-metallicity relation by Piersimoni et al. (2002, see equations (4) and (5) in Paper I), we infer E(B − V ) ≈ 0.18 and 0.15, respectively. These E(B − V ) values are, however, some-3 V3 is also consistent with the findings that faint dwarf spheroidal galaxies and UFDs show a lack of high-amplitude shortperiod RRab stars (e.g., Fiorentino et al. 2017) .
what larger than that of Laevens et al. (2015) , ∼0.097, measured from the dust maps of Schlegel et al. (1998) and Schlafly & Finkbeiner (2011) . Because the reddening value from RRab stars strongly depends on the observed color (or color distribution) of them, we have less confidence in our reddening estimation based on a single RRab star. Instead, by adopting E(B − V ) = 0.097 to the instability strip, we obtain a reasonable match with the observed mean colors of the RR Lyrae stars in the CMD (see Figure 3a) .
We also estimate the distance to Sgr II using optical Period-Wesenheit (PW) relations provided by Marconi et al. (2015) , which have the key advantage that they are reddening free and only marginally dependent on metallicity (see also Bono et al. 2019 , for a recent application of the PW relations). In practice, we adopt metal-independent (V, B − V ) PW relations (Marconi et al. 2015 , see their equation (10) and Table 9 ) for the four RR Lyrae stars (excluding V1 and V4), and obtain the mean distance modulus, (m− M ) 0 = 19.03 ± 0.10 mag, and the mean heliocentric distance, d ⊙ = 64 ± 3 kpc, for Sgr II. The uncertainties are standard deviations. Our distance estimate agrees with those presented by Laevens et al. (2015, 67±5 kpc) and Mutlu-Pakdil et al. (2018, 70 .2 ± 5.0 kpc) to within the uncertainty. In the case of the probable field RRab star V4, a distance modulus of ∼18.58 mag and a distance of ∼52 kpc are obtained with the same relations, which implies that V4 is ∼12 kpc closer than the center of Sgr II.
DISCUSSION
To estimate the age of the stellar population in Sgr II, we have constructed population models using Yonsei-Yale (Y 2 ) isochrones and HB evolutionary tracks (Yi et al. 2008; Han et al. 2009 ), based on the techniques developed by Lee et al. (1990 Lee et al. ( , 1994 and Joo & Lee (2013) . With the fixed metallicity of [Fe/H] = −2.1 and alpha-element enhancement of [α/Fe] = 0.3, the age value was adjusted until the model best matches the observed CMD. Our best-fit model with an age of 12 Gyr is presented in the right panel of Figure 1 . Given the large observational errors near the main sequence turn-off (MSTO), the uncertainty in this age determination can be relatively large, HB morphology of Sgr II, which is comparable to those of other UFDs (e.g., Brown et al. 2014) .
Almost all UFDs (with M V > −7) studied for RR Lyrae stars so far have Oo-int or Oo II properties, as shown in Figure 4 . If these UFDs host a purely old and metal-poor population resulting in a substantially blue HB morphology, this can be explained with the effect of evolution of RR Lyrae stars in the instability strip. Because in that situation most RRab variables are highly evolved stars from the blue side of the instability strip, they are expected to have longer periods than those at the zero-age HB phase (e.g., Lee et al. 1990 ). The relatively long period of V3 in Sgr II can also be explained by this evolution effect.
Another interesting property of Sgr II is that, it is at the expected location of the trailing arm of the Sgr stream yet to be detected behind the Sgr dwarf galaxy and therefore it might be originally a satellite of the Sgr galaxy but brought into the MW halo, as suggested by Laevens et al. (2015) . While we could not find evidence for that hypothesis from RR Lyrae stars, if confirmed, it would mean that the properties of UFD satellites belonging to the MW halo and the Sgr galaxy are similar in terms of their stellar populations (i.e., age and metallicity). Combined with the expected association with the Magellanic Clouds of some UFDs in the southern hemisphere (e.g., Jethwa et al. 2016; Jerjen et al. 2018) , this would further imply universal properties of UFDs in the universe as relics of the first galaxies and/or surviving counterparts of the basic building blocks that merged and disrupted to form larger galaxies.
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iv Number of data points for G-band in Gaia DR2
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vi Field? Figure 1 . (a) and (b) CMD of stars within 1. ′ 6 (r h ) and 4. ′ 8 (3 r h ) regions in the field of Sgr II, respectively. Detected RR Lyrae variables are highlighted as crosses, while the green cross denotes V4, which is ∼22
′ from the center. The cyan error bars represent the measurement errors. (c) Our population models (cyan line and points) superimposed on the foreground-subtracted Hess diagram for 3.
′ 2 (2 r h ) region. The foreground field was assumed to be an annulus of 9. ′ 6 (6 r h ) < r < 13. ′ 9 (covering 10 times the area of 2 r h ) and normalized. Model RR Lyrae stars are presented as cyan crosses. Adopted parameters are t = 12 Gyr, ′ 8 (3 r h ) zoomed around the HB region, (b) spatial distribution of the RR Lyrae (small circles and triangles) and blue HB (gray crosses) stars, and (c) same as (b) but for all point sources detected in the field. The blue HB stars are defined as stars in the ranges of 0.0 < B − V < 0.27 and 19.5 < V < 20.3. The two gray vertical lines in panel (a) represent the empirical instability strip from Walker (1998) , which is reddened by 0.097 mag (see the text). The solid and dotted cyan circles in panel (b) indicate 3 r h (4.
′ 8) and 6 r h (9. ′ 6) regions, respectively. The RR Lyrae and blue HB stars are clearly clustered around the galaxy center (cyan cross) from Mutlu-Pakdil et al. (2018) . It is natural to consider V4 (small green circle) as belonging to the MW halo.
